Background: Clinical pathology investigations are essential to evaluate the health status and practice management of ruminants. Appropriate and accurate RIs are required for the interpretation of laboratory results. Despite substantial phenotypic differences and management-related disparities between male and female sheep, RIs in rams are sparse and limited by small reference populations and outdated methods.
studies about RIs for hematologic, biochemical, and hormonal analytes in rams are sparse and outdated. 3, 4 In particular, most available ovine RIs either do not specify the sex of the reference individuals or refer exclusively to ewes. Moreover, in the vast majority of the published RIs for hematologic, biochemical, and hormonal analytes in sheep, the biologic, clinical, and geographic selection criteria of the reference population, and the preanalytic and analytic procedures are not thoroughly described. [5] [6] [7] [8] [9] The Chios breed originates from the Greek island of Chios; it is a lowland and highly prolific sheep breed, with a body weight ranging from 62 to 80 kg. 10 Conversely, Florina is a highland sheep breed that originates from the Greek mainland and is characterized by low prolificacy and a body weight ranging from 40 to 45 kg. 10 The objectives of the present study were: (1) to establish RIs for hematologic, biochemical, and hormonal analytes in adult rams under specific laboratory standards and guidelines 11 and (2) to investigate whether breed-specific RIs are required for 2 Greek sheep breeds, namely the Chios and Florina breeds.
MATERIALS AND METHODS
The design of the experimental protocol was in accordance with the
American Society of Veterinary Clinical Pathology (ASVCP) Quality
Assurance and Laboratory Standards (QALS) Committee guidelines for the determination of RIs in veterinary species.
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Preanalytic procedures
Blood sampling was performed in the morning, with the rams being lightly restrained in a standing position. Blood was collected from the jugular vein directly into 10 mL K 3 EDTA and clot activator tubes (BD Vacutainer; BD, Plymouth, UK), using an 18-gauge needle and a holder. Both tubes were filled up to the defined level and were gently inverted 8-10 times, to ensure that blood would be adequately mixed with the anticoagulant and the clot activator. Samples in the tubes containing clot activator were allowed to clot for 30 min at room temperature and were then centrifuged at 1800g for 15 min. After centrifugation, sera were separated from the clot and transferred into plain tubes. Samples of whole blood and sera were placed in a cooler containing icepacks that were not in direct contact with the sera, and were transported to the Diagnostic Laboratory, School of Veterinary Medicine, Faculty of Health Sciences, Aristotle University of Thessaloniki, Greece. The hematologic and biochemical analyses were performed within 4 and 12 h after blood sampling, respectively, while sera for hormonal analyses were stored at À80°C and were examined within 20 days after blood collection. Whole blood samples placed into K 3 EDTA tubes that were not filled properly or contained clots were discarded and resampled. Likewise serum samples with macroscopically evident hemolysis were rejected.
Analytic procedures
For all analyzers and procedures used in the present study, routine maintenance, preparation, adjustment, assay, and quality control procedures were conducted as defined in the respective Analyzer and
Reagent Manuals.
Hematologic analysis
The hematologic analysis were performed on an Advia 120 automated hematology analyzer (Siemens Healthcare Diagnostics, Deerfield, IL, USA) with the ovine setting of the multispecies software.
The following analytes were recorded: RBC count, HGB concentration, HCT, MCV, MCH, MCHC, RDW, platelet (PLT) count, plateletcrit (PCT), mean platelet volume (MPV), platelet distribution width (PDW), and absolute and relative reticulocyte counts. Plasma total solids concentration was measured using a desktop refractometer (Atago Co. Ltd., Tokyo, Japan).
The differential WBC counts were performed manually in airdried Giemsa-stained blood smears by 2 independent observers, a PhD candidate in clinical pathology (ILO) and an associate professor of clinical pathology (MK). Both observers were blinded to the results of automated differential WBC counts and carried out manual WBC counts based on a 200 cell differential count with the mean used for further statistical analysis. Neutrophil-to-lymphocyte ratios (NLRs) were calculated by dividing absolute neutrophil by absolute lymphocyte counts. Blood smears were also examined for the presence of PLT clumps. The latter were semiquantified using the following score system that was previously described in veterinary medicine: 0 = absence of PLT clumps, 1 = 2-4 PLT clumps, 2 = 5-9
PLT clumps, 3 = 10-19 PLT clumps, 4 = 20-29 PLT clumps, and 5 = ≥ 30 PLT clumps. 12 The mean score of 10 randomly selected oil-immersion fields at the feathered edge and tail of the blood film was calculated. Platelet clumping was considered significant when the mean score was ≥ 2, as previously suggested. 12 
Biochemical analyses
An automated spectrophotometric biochemical analyzer (Flexor E;
Vital Scientific N.V., Dieren, The Netherlands) was used for the OIKONOMIDIS ET AL.
| 57 determination of the concentration or activity of the following analytes: total protein, albumin, glucose, cholesterol, triglycerides, total calcium, inorganic phosphorus, urea, creatinine, total bilirubin, direct bilirubin, total bile acids, ALT, AST, ALP, GGT, CK, and LDH. The analyzer's measurement station temperature was constant (37 AE 0.2°C).
Globulin concentration was calculated by subtracting albumin concentration from the total protein concentration. Potassium and sodium concentrations were measured on an electrolyte analyzer (AVL 9180
Electrolyte Analyzer, Roche Diagnostics, Vilvoorde, Belgium). Detailed information about the methods and reactions employed for the determination of the concentration or activity of each biochemical analyte, along with the respective coefficient of variation determined using ram sera, are provided in Table 1 . T A B L E 2 . Descriptive statistics and RIs for (A) hematologic analytes determined by ADVIA 120 with the exception of differential WBC counts performed manually in a group of rams (n = 123) including 2 Greek breeds (Chios: n = 62, Florina: n = 61) and (B) biochemical and hormonal analytes from a group of rams (n = 123) including 2 Greek breeds (Chios: n = 62, Florina: n = 61). | 59
Hormonal analyses

Statistical analysis
The statistical software package SPSS 19 (SPSS Inc., Chicago, IL, USA)
was used for the calculation of descriptive statistics. The RIs were determined using the statistical language R (R Foundation for Statistical Computing, Vienna, Austria) and the package "referenceIntervals".
Outliers were detected using Horn's method, laying emphasis on retaining rather than deleting them. Nonparametric methods were used for the determination of RIs when the reference population was comprised of > 120 individuals, while the calculation of RIs was done using the robust method when the number of reference individuals was between 40 and 120. 11 The bootstrapping method was used for determination of CIs. Coverage for the calculated RIs and CIs was 95%
and 90%, respectively.
The statistical criteria proposed earlier for Gaussian and nonGaussian distributions were applied to determine whether breeddependent partitioning was necessary. 14, 15 First, the normality of data distribution was assessed using the Shapiro-Wilk test. When data distribution was non-Gaussian, normality was reassessed using the Shapiro-Wilk test following logarithmic transformation of the data. Distance and proportion statistics described earlier were applied.
14,15 G indicates Gaussian; Max, maximum; Min, minimum; MPV, mean platelet volume; NLR, neutrophil-to-lymphocyte ratio; NG, non-Gaussian; PDW, platelet distribution width.
T A B L E 3 . Descriptive statistics and RIs for (A) hematologic analytes determined by the ADVIA 120 except for manually determined differential WBC counts in a group of Chios rams (n = 62) and (B) biochemical and hormonal analytes in Chios rams (n = 62). The implementation of proportion criteria was straightforward:
the proportions of the subgroups distribution outside of the combined RIs were calculated, and when at least one of these proportions was < 0.9% or > 4.1%, partitioning was recommended.
When discordance between distance and proportion criteria was found or when decisions were marginal, graphs illustrating the differences between the combined and the breed-specific RIs were visually inspected, and nonstatistical criteria were employed. Emphasis was placed on the clinical relevance of the reported differences G indicates Gaussian; Max, maximum; Min, minimum; MPV, mean platelet volume; NLR, neutrophil-to-lymphocyte ratio; NG, non-Gaussian; PDW, platelet distribution width.
T A B L E 4 . Descriptive statistics and RIs for (A) hematologic analytes determined by the ADVIA 120 except for manually performed differential WBC counts in Florina rams (n = 61) and (B) biochemical and hormonal analytes in Florina rams (n = 61). between the breed-specific RIs (eg, if the decrease, increase, or both are considered clinically important for a specific analyte, if a reference limit serves as a critical clinical decision limit, or if the magnitude of an increase or decrease in an analyte value is clinically significant).
RESULTS
Although all rams were clinically healthy, 5 were excluded from the study based on profoundly abnormal laboratory results (4 rams had very high serum CK activity and one ram had severe hyperglobulinemia). One outlying result for RDW and another one for albumin were identified using Horn's method. Based on the microscopic evaluation of stained blood smears, PLT clumping was significant in 10 rams and insignificant in other 8 rams. Advia flags for platelet clumps were noted only in 9 blood samples, in which mild platelet clumping (+) was indicated by the analyzer. However, PLT measurements of the 10 blood samples with significant PLT clumping were excluded from the study.
Results of the statistical analyses and the combined and breedspecific RIs are presented in Tables 2, 3 , and 4. The decision to partition the Rls was based on both distance and proportion G indicates Gaussian; Max, maximum; Min, minimum; MPV, mean platelet volume; NLR, neutrophils-to-lymphocytes ratio; NG, non-Gaussian; PDW, platelet distribution width.
criteria and are presented in Table 5 . However, based on the visual inspection of graphs representing the differences between combined and breed-specific RIs (Figure 1 ), breed-dependent partitioning of RIs was considered clinically relevant for the following analytes: RBC count, HGB concentration, HCT, WBC count, neutrophil count, lymphocyte count, total solids, total protein, albumin, inorganic phosphorus, and potassium concentrations, as well as AST, GGT activities, and thyroxine concentration.
DISCUSSION
To the best of our knowledge, the present study is the first attempt to establish RIs for hematologic, biochemical, and hormonal analytes in rams, according to the recently published ASVCP QALS Committee guidelines for the determination of RIs in veterinary species. 11 Moreover, this is the first study in which the implementation of Most of the textbooks and previous studies reporting RIs in sheep either do not specify the biologic, clinical, and geographic characteristics of the reference population or are confined to the establishment of RIs in female sheep. [5] [6] [7] [8] [9] 16, 17 In addition, a limitation of some studies is that they provide only a statistical description of the data, without presenting RIs. 18, 19 Published RI studies for hematologic, biochemical, and hormonal analytes in rams are scarce, with the reference populations usually being poorly described. Moreover, in 2 out of 4 studies involving rams, data are presented as mean AE SD and are rather outdated. 3, 4 In an earlier study 20 , the reference population of rams is considered too small to extract meaningful conclusions, while in another study 21 , the RIs are only reported for some hematologic analytes in Awassi rams.
Our reference population was comprised of adult rams belonging to 2 indigenous Greek breeds, which fulfilled well-defined inclusion criteria. The rams were sampled across 4 seasons, as recommended by previously published studies on seasonal variation of hematologic, biochemical, and hormonal analytes in sheep. 22, 23 The preparation, collection, handling, storage, and transportation of blood samples were done with full consideration of the preanalytic factors that affect the analytes under evaluation. In our study, the hematologic analysis, except for differential leukocyte counts, was performed on a large multispecies hematology system that employs laser flow cytometry technology. The hematology analyzer mentioned above has been validated for use in various species including sheep 24 ; it is considered a reference method in veterinary hematology 25 and is currently widely used in veterinary medicine. To the best of our knowledge, this precise hematology analyzer was used in sheep only in one study on Merino lambs. 26 In the rest of the studies, in-clinic hematology analyzers employing impedance technology or obsolete methods have been used for the hematologic analysis. In the present study, the biochemical analytes concentrations or activities were determined based on well-described methods and reactions that are F I G U R E 1 . Examples of graphs that were visually inspected for differences between RIs in Chios (n = 62) and Florina (n = 61) rams, and after combining the breeds. The upper row shows graphs for HCT (left) and GGT activity (right) RIs. The lower row shows graphs for MCHC (left) and creatinine concentration (right) RIs. Using statistical criteria, partitioning was recommended for HCT and MCHC, while the decision for partitioning of creatinine and GGT was marginal. However, after seeing the differences between the breed-specific RIs graphically, partitioning was considered clinically relevant only for HCT and GGT.
routinely employed in clinical biochemistry (Table 1) . Thyroxine and cortisol concentrations were measured using an automated analyzer that utilizes a solid-phase competitive chemiluminescence immunoassay and that was previously validated for use in sheep. 13 Finally, the statistical techniques employed to determine RIs vary considerably between studies. The guidelines of ASVCP QALS Committee were followed in our study.
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Although having larger breed-dependent sub-populations would have been ideal, this was impracticable for 2 reasons: the small number of rams that are routinely reared on sheep farms (rams:ewes ratio usually ranges between 1:50 and 1:100) and the preanalytic limitations arising from the fact that few well-managed sheep farms were in close proximity to our laboratory.
The need for breed-specific RIs is increasingly discussed in veterinary medicine. [27] [28] [29] [30] The rationale behind partitioning is the decrease in the variability of the reference population and the subsequent narrowing of RIs. A minimum of 40 reference individuals is considered a prerequisite for partitioning of RIs. 11 Since the criterion mentioned above was met in our study, we investigated whether breed-dependent partitioning of RIs is needed. Based on the statistical criteria proposed earlier for Gaussian and non-Gaussian data distributions 14, 15 , partitioning was warranted for several of the analytes in this study.
However, from a clinicopathologic point of view, breed-dependent partitioning of RIs appears clinically relevant for some of them.
We compared RIs for hematologic, biochemical, and hormonal analytes in our study with those available in the literature Concerning the RIs for eosinophil and basophil counts, the upper reference limit in our study is roughly half of that presented in a standard Veterinary Hematology textbook. 9 In a recently published study, a comparison of bovine hematology RIs from 1957 to 2006 documented a consistently the decreasing trend in eosinophil and basophil counts over time, reflecting the decreased exposure of animals to parasites, as a result of the advances in husbandry practices and parasite control programs. 33 This could easily explain the disparities observed in RIs for eosinophils and basophils between our study and a veterinary hematology textbook, which was originally published 30 years ago 34 and underlines why RIs published many years ago and possibly using different methodologies should not be used indiscriminately, although such RIs have later found their way into large animal medicine textbooks. 6, 35, 36 A comment should also be made on the usefulness of the NLR as a marker of inflammation in sheep. The use of NLR > 1 as an indicator of inflammatory disease in cattle has been originally proposed in 1962 37 , and was thereafter widely accepted. 33 However, diagnostic power of NLR as an inflammation marker has been questioned, especially in cattle. 33 This is supported by our data documenting NLR > 1 in healthy rams, thus is also not to be diagnostic for inflammation in rams.
There are a few limitations in the present study. The first one concerns the number of the reference individuals used for the determination of breed-specific RIs, which ideally should be > 120.
However, this can be a challenging goal in veterinary medicine.
The second limitation was that our reference population came from a relatively restricted area of Northern Greece and did not encompass a more expanded geographic area. However, the adherence to strict preanalytic protocols (equal sample transportation times) to avoid transport time-related errors prevented the recruitment of animals in a larger area. Finally, although the delay between blood sampling and CBC performance was minimal, we cannot exclude a minor effect of time and storage conditions on our PLT count results. 38 
CONCLU SIONS
Combined and breed-specific RIs for hematologic, biochemical and hormonal analytes in adult rams of 2 substantially different Greek breeds were established under controlled preanalytic and analytic conditions, in accordance with the ASVCP QALS Committee guidelines for the determination of RIs in veterinary species. Additionally, the necessity of breed-dependent partitioning of RIs was investigated, using both statistical and nonstatistical criteria. As long as the same instrumentation and methods are employed, our RIs can be adopted by veterinary laboratories and used as a guide for the interpretation of laboratory results in rams. However, it should be noted that, if the characteristics of the standard sheep population differs significantly from our reference population, proper validation of these RIs is recommended before adoption.
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